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ABSTRACT 




The purpose of this study is to explore the possibility of prepar- 
ing FeBO^ glass-ceramic in space. A transparent glass-ceramic of FeBO^, 
due to its unique properties could be an excellent material for magneto- 
optic applications which currently utilize high price materials such as 
single crystals of 6a-YI6 ($2700/lb.). The unique magneto-optic proper- 
ties of FeBOg were found to come from the glass-ceramic but not from the 
glass form. It was anticipated and later confirmed that the FeBOj glass- 
ceramics could not be prepared on earth. The two terrestrial manufactur- 
ing obstacles, namely, phase separation and iron valence reduction, were 
identified in the study of FeBO^. Since the phase separation problem 
could be overcome by space processing, the preparation of FeBOj glass- 
ceramic in space appears attractive. The iron borate composition best 
suited for space processing was determined to be Fe202*5B202- This 
calculated composition is expected to form glass readily in space, 
because it was possible to form, although with great difficulty, a glass 
on earth. In addition, the prospect of producing a transparent glass in 
space looks good for this chosen composition, based upon a consideration 
of the particle size present in the glasses prepared on earth, anu par- 
ticularly if steps can be taken to minimize the iron reduction. However, 
continued work on FeBO^ is deemed necessary in order to assess the pros- 
pect of producing a transparent glass-ceramic in space. 
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1. Suitability of FeBO^ for space processing 

The purpose of this study is to explore the possibility of preparing 

1-5 

FeBOj glass-ceramics in space. FeBO^ is a very unique material which 
is transparent and ferromagnetic at room temperature and has an extremely 
high ratio of Faraday rotation to optical absorption (14®/dB) in the 
visible (5250 A). The properties of FeBO^ single crystals are summarized 
in Table 1. The ratio of Faraday rotation to optical absorption which is 
often called the figure of merit is a measure of efficiency for materials 
to be used in magneto-optical devices and is also one of the most impor- 
tant material parameters in Faraday effect devices. FeBO^ would become 
the excellent material for magneto-optic applications, which are currently 
utilizing the high price material of single crystal Ga-YIG ($2700/lb.), 
were it not for the drawbacks associated with the current earth-prepared 
FeBOg, i.e., it can only be prepared as single crystals and ceramic materials. 
The drawbacks are detailed in Table 2. It is anticipated that a trans- 
parent glass-ceramic of FeBO^ not only would keep the unique properties 
but also should be free from such drawbacks as exist for the current 
earth-prepared FeB02 materials. However, it is highly unlikely that the 
transparent FeBO^ glass-ceramics can ever be made on earth due to the 
high iron content (70 wt.% FegOj in FeBO^) and also due to the structure 
limitation making it difficult for iron borate (FeBO^) to form glass. 

This prediction has since been confirmed by this study sponsored by NASA. 

Space processing will likely provide the following benefits for FeBO^: 

(a) Extend the range of glass forming by containerless melting. 

(b) Overcome the phase separation problem on earth by near-zero gravity. 
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The potential commercial application makes FeBO^ a good candidate material 
for space processing. In order to help evaluate the prospect of forming 
the FeBOj glass-ceramic in space, the overall plan designed for this study 
is schematically outlined as follows: 

G 

M-C A MUST?^, 

G 

where G = Glass, G-C = Glass-Ceramics 


ON EARTH? 


STOP 


-C ON EARTH? 



YES 
MORE STUDY 


NO 

CATION >-ST0P 



2. Experimental study on glass formation 
2.1. Selection of composition 

The binary system of B202-Fe202 can be classified as shown below 
based upon B (boron) being 3-fold and Fe (iron) 6-fold coordination. The 
derivation of such a classification is shown in Appendix 1. 


No. Corners 
Shared 

Oxygen Distribution 
Per Boron Triangle 

Fe/B 

Structure 

Type 

Formul as 

Mole % 

hh 

Non-bridging 

Bridging Oxygen 



3 

0 

3 

0 

Sheet or 
Framework 

B2O3 

100 

2 

1 

2 

0.2 

Chain 

FeBgOg or Fe202’5B202 

83.3 

1 

2 

1 

0.5 

Double 

Triangle 

Fe2B40g or Fe203-2B203 

66.7 

0 

3 

0 

1.0 

Indep. 

Triangle 

FeBOj or Fe202*B202 

50 


The glass formation usually improves with the number of corners 
shared between the basic glass-forming units such as Si -tetrahedron in 
silicate glass or B-triangle in borate glass. To put it in another way, 
the difficulties involved in preparing say the borate glass on earth 
usually increases with the ratio of Fe (modifying ion) over B (network 
forming ion), from sheet or framework (B2O2). to chain (Fe202*5B202), 
to double triangle (Fe202*2B202) . and finally to independent triangle 
(Fe202*B202 or FeBO^ ). The iron borate glasses so far achieved on earth 
usually lie somewhere between sheet and chain but much closer to the sheet 
structures. The chain structure such as Fe202*5B202 probably represents 
the limit for glass formation on earth since each B-triangle possesses 
two bridging oxygen ions by which it can link to adjacent triangle so 
that rings or long chains of these triangle groups can occur. The forma- 
tion of a long chain or a large ring is essential for a glass formation. 
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because such formation of chain or ring will generate during cooling 
sufficiently high viscosities which will in turn lead to the glass formation. 
It appears that Fe202*5B202 (83.3 mole % B2O2) of the chain structure or 
some composition close to it would be the most promising composition for 
space processing based upon the following two reasons: 

(a) Likely to form glass in space 

Fe202'5B202 has a chain structure which as mentioned earlier 
usually represents the compositional limit that a material may form glass 
but with great difficulty on earth. Since the heterogeneous nucleation 
is eliminated or greatly reduced under space conditions, the prospect of 
forming a glass for the chain structure is likely to improve in space. 

(b) Likely to have sufficient amount of FeBOg phase 

Based upon the following comparison® with the properties of 
YI6, the current material used for the magneto-optic devices, amount of 
FeBO^ phase that can be crystallized out of the composition of Fe202*5B202 
seems to be sufficient and adequate for the magneto-optic application. 



F 

(deg/ cm) 

a 

(cm”l ) 

2F/0 

(deg) 

T 

(°n) 

A 

imul 

YI6 

2400 

1500 

3.2 

300 

555 

FeB03 (50B) 

2300 

40 

115 

300 

525 

Fe203*5B203 

1039* 

40 

52* 

300 

525 


where F = Faraday rotation, a = Absorption minimum 

in visible, T * Temperature, and A ■ wavelength 

*An estimated value based on the content of FeB03 or 
Fe203 in 83. 3B which has 45.16 wt.% Fe203 of that in 
50B. 
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2 . 2 . Selection of raw materials 

Two types of raw materials, namely, HOD and batch oxide were 
used for this study. They were summarized and also described In detail 
separately as follows. 




Phase Assemblage 


Raw Material 

Nature 

Before 

After 

Heat Treatment 

Remarks 

Batch Oxide 

Mechanical mixture 
of B2O3 and Fe203 by 
ball milling 

Mixture of B2O3 
and Fe203 
phases 

FeBO^ phase 

Free B2O3 
Is very 
hygroscopic 

MOD** 

B2O3 and Fe203 con- 
bined by chemical 
reaction 

Amorphous 

Fe3BO0 or FeB03* 
phases 



**M 0 D: Raw material prepared by the ftetal -Organic-Derived (MOD) method. 

♦FeBOg could be produced If seeded by FeB02 phase. 


(a) Batch oxide 

A batch oxide Is prepared by mixing the right ratio of the 
component oxides of B2O2 and Fc202 and then by ball milling the mixture to 
Insure homogeneity. The ball milling operation Is necessary In view of the 
tremendous difference In melting point between B2O2 and ^©2^3 ^ 565 °C). 

A comparison between the component oxides such as ^^2^3 and B2O2 is listed In 
Table 3 . The reagent grade Is used for both BgO^ and ^620^ to Improve the 
quality. However, some contamination such as trace AI2O2 was detected 
after the ball milling operation. 

(b) MOD 

The batch material Is prepared by the Metal -Organic-Derived 
(MOD) method. Extremely pure materials (electronic grade) can be obtained 
by this approach. The following exan^)le of preparing B202‘Fe202 (50 mole 
% B2O3 or SOB) Is used to Illustrate the MOD approach. 










i 

t 
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2Fe(N03)3-9H20+2B(0H)3-^Fe203-B203i+6HN03t+18H20t 

Fe(N03)3*9H20 (m.p. 50“C) were reacted with equal number of moles of 
B(0H)3 at 120“C. The temperature was then raised to 180-200‘’C to solidify 
the product of B203*Fe203. Finally, the temperature was increased to 400®C 
in order to drive off the unwanted HNO3 and water. The MOD differ from 
batch oxide in the following ways. 

(1) The MOD materials were amorphous, while batch oxide were 
crystalline as confirmed by x-ray diffraction. 

(2) Upon heat treatment, the MOD batch usually produced 
Fe3B0g phase, but may produce FeB03 phase only when seeded by FeB03 phase, 
while batch oxide will usually produce FeB03 phase. 

(3) B2O3 in batch oxide is hygroscopic since it exists as a 

free form, while B2O3 in MOD batch is not hygroscopic, because it is chemically 
combined with Fe203. In order to reduce the loss of the free B2O3 during 
melting, the batch oxide is often crystallized into FeB03 phase before 
making a melt. 

2.3. A summary of melting conditions and melts prepared 

(A) Melting conditions 

The range of conditions tried is indicated as follows: 
Temperature, ®C: 1275-1575 

Time, hr. : 2-7 

Number of stirring: 0-3 

Environment: air or pure oxygen at one atmosphere 

(B) Quenching method 

The melts were often cast by splat cooling into plate 
forms, sometimes by air cooling into disc forms, and occasionally by 
water quenching the whole crucible. 


t 



(C) Identification of melts 

All the batch materials used for preparing melts were 
identified by a code system which may contain as many as four parts, 
e.g., the four parts in 83B-M-l/2Pb-3 are explained below: (1) 83B, 

B2O2 mole % ■ 83 excluding flux; (2) M, batch material prepared by MOD 
approach; (3) 1/2 Pb, half of Pb used as flux, the full amount » 0.9Pbp2 + 
0.2Pb0; (4) 3, third time such batch was prepared. More examples are listed 
as follows: 


Identifi cation 
Code 


Batch 
Materi al 

Flux 

Order of Batch 
Preparation 

Remarks 

50B-5 

50 

batch oxide 

— 

5th 

M, batch by 
MOD, otherwise 

50B-M-2 

50 

MOD 


2nd 

batch by batch 
oxide 

83B-Pb/2-l 

83 

batch oxide 

Pb/2 

1st 


83B-M-Bi/2-2 

83 

MOD 

Bi/2* 

2nd 



♦Full Bi = lBi203 

(D) Summary of melts prepared 

All the melts prepared are summarized in the increasing order 
of molar content of B2O3 (B2O3 mole %) and listed in Table 4. Three types 
of materials were often obtained from a melt; they are described as follows: 
(a) Plates by splat cooling. The number following the plate indicates the 
order of pi ate cast, e.g., plate 1 * 1st splat plate cast. The letter (E) 
attached to a plate number indicates the edge of a plate. Without such 
an attachment, a plate analysis usually refers to that of a central plate 
part, (b) Discs by air cooling and (c) black materials which are parts 
of the melt left at the botton of crucibles and have black appearance. 












2.4. Characterization of melts 

All the prepared melts were usually analyzed for the iron content 
by x-ray tiorescent or wet chemical techniques and for the phase assemblage 
by x-ray diffraction. In general, the iron content in a melt increases 
continuously from the top to the bottom part, as shown in Table 4. As 
for the phase assemblage of the melts, which are shown in Tables b and 6 
and Figures 1 and 2, three types of iron phases were found; namely, (a) 
Fe 2^03 including both o- and y-Fe 203 , (b) Fe^‘*'-compounds , which in- 
cluded three types of compounds and they were often found in the follow- 
ing decreasing order of concentration: 

Fe^'^0.B203, Fe^'*’Fe^‘^B05, Fe^'^0-2B203 

and (c) Fe^^BOg, a high temperature form of iron borate. The relative 
amount of the three types of phases apparently change with melting 
temperature as shown below: 
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N. 


It was noted that a splat plate with iron content as high as 35.4 wt.% 
Fe 202 can be made amorphous, i.e., no iron phase except 820 ^, The iron 
content in this splat plate (35. 4X Fe 202 ) is more than that in 83B (31.5% 
Fe 202 ), and almost approaches that in SOB (36.5% Fe 202 ). Although the 
amorphous splat plate of such high iron rontent was made only once, this 
observation seems to indicate that the predicted optimum composition of 
83B will likely form glass under space conditions which will maintain a 
constant iron composition for all the melts by suppressing the iron 
segregation. 

2.5. Problems during melting 

(A) Phase separation into iron rich and poor layers 

The greatest problem involved with the preparation of an 
iron borate melt is the iron segregation during melting. The top melt 
(splat plates) often contains less iron while the bottom melt (black 
material) more iron, apparently due to the density difference. Because 
of the higher iron content, the black material was anticipated and later 
confir'-'d to have a highar melting point by DTA (Differential Thermal 
Analysis) technique than that of the batch material used for melting, 
as shown below. 


Composition 

Fe 202 wt.% j 

1 m.p. by DTA 

Black Material 
(Analyzed) 

Batch Material 
(Target) 

Black Material 

Batch Material 

50B-2 

70.6 

69.64 

1237 

1203 

70B-2 

66.9 

49.57 

1237 

1011 

80B-? 

63.4 

36.45 

1225 

999 
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The black material usually has a fairly constant iron content which is almost 
independent of that of the starting batch material. This may be the reason 
why all the compositions from 508 through 808 has a fairly similar melting 
temperature of 1275-1300“C. However, the iron content of a splat plate 
often increases with the order of cast. In addition, the iron content of 
a splat plate depends upon the amount and the angle of pouring melt from 
crucible and there was often compositional (iron) variation within the same 
plate particularly between edge and center, as shown below. This makes it 
difficult to duplicate the same melt casts. 





''®2°3 

wt.% 




Target 


Plate 1 


3 

Black Material 

608-2 

60.46 

Central 


24.5 

46.2 

78.0 



Edge 





708-4 

49.57 

Central 

33.3 


59.4 

78.4 



Edge 



14.5 


808-4 

36.45 

Central 

5.5 

12.4 

42.4 

80.1 


It was found that there is little or no phase separation at compositions 
508 and 558. However, phase separation occurs in composition 608 and 
in those of lower iron content. The following problems have been created 
by the phase separation: 

(1) A melt cast often has a fluctuating iron content which is 
almost independent of starting batch composition and is thus difficult to 
duplicate. 

(2) A splat plate usually contains much less iron and will 
likely undergo partial melting during heat treatment. 

(3) Because of these difficulties mentioned above, it is very 

difficult to evaluate on earth: (a) whether there is a need of nucleants 
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and (b) how to determine the optimum nucleatlon and crystallization con- 
ditions during the preparation of the glass-ceramic In space. 

(B) Iron reduction 

Iron valence will reduce from 3 to 2 at the melting temperature 
2 + 

and the formation of Fe tends to make the glass nontransparent (black) 

2+ 3+ 

and nonuniform. Although all the Fe can be later oxidized back to Fe 

at a lower temperature during the heat treatment (crystallization cycle), 

2 + 

the formation of Fe during melting Is detrimental to the formation of a 
transparent glass. Thus, effort should be made to eliminate or greatly 
lower the Iron reduction. 

3+ 2+ 

The conversion of Fe Into Fe during melting Is chiefly 
a function of the melting tenperature and the partial pressure of oxygen. 

Lower temperature and higher oxygen content tend to suppress the formation 

2+ 7 

of Fe . A check Into the conversion thermodynamics Indicated that tempera- 
ture was the major while oxygen the minor controlling factor. It appears 
that the following relationship between temperature and % Iron reduction 
holds. 


T, °C 

% Iron Reduction 

1316 

30 

1275 

14 

1200 

0.6 


According to an estimation, melting In pure oxygen (100%) Instead of air 

(21% oxygen) may Increase the temperature tolerance of about 75®C for the 

same Iron reduction rate. In other words, melting In oxygen furnaces at 

1275°C will likely have the same Iron reduction rate as that In air 

furnace at 1200“C (<1%). In addition to temperature and oxygen, other 

controlling factors of minor Importance Include the melting time and com- 

3+ 2+ 

position. Time Is needed to reach equilibrium between Fe and Fe , and 



the lower the iron content » the higher the Iron reduction becomes. All 
the data on Iron reduction are summarized and listed in Table 7. 

2.6. Reduction of phase separation 

(A) MOD batch oxide 

two different types of batch materials; namely* MOD and batch 
oxide were used to prepare the melt. Neither of them can eliminate or re- 
duce the phase separation. Both of them behave pretty much the same with 
regard to melting losses, iron content in splat plates, and phase forma- 
tions. The only differences between the two batch materials are: (a) 

MOD is much purer than batch oxide, and (b) batch oxide will have higher 
melting loss if it is not crystallized into FeBO^ before making the melt. 

(B) Optimization of melting conditions 

The melting conditions such as temperature, time, and number 
of stirring were purposely changed in order to try to reduce the phase 

separation. This attempt was also found to be not very fruitful. Both 

the melting time and the number of stirring have very little or no effect 
on phase separation. Only melting temperature has some effect. A higher 

temperature such as ISTB^C can slightly reduce the phase separation, as 

evidenced by the smaller difference in iron content between the bottom and 
top melts as shown below. 


T,°C 

(BOB) 

t,hr. 

No. 

Stir 

F6202 wt.% 

Difference in Fe202 wt.% 

Target 

Black Mat'l 
(b) 

Plate 1 
(1) 

CsJ CSJ 

b-1 

b-2 

1275 

3 

1 

36.45 

74.4 


6.5 


67.9 

1275 

3 

1 

36.45 

76.1 

2.9 


73.2 


1300 

3 

1 

36.45 

71.1 


2.8 


68.3 

1575 

3 

1 

36.45 

49.9 

12.7 


37.2 



However, a higher temperature, such as 1575®C will also produce more iron 
reduction which has been shown to be undesirable. 
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(C) Use of flux 

Utilization of a flux* Bi20^ or Pbp 2 PbO, was found to be 
successful not only in eliminating the phase separation but also in mini- 
mizing the iron reduction problem. The compositions with flux were the 

4 8 

same ones used in the literature * for growing single crystals of FeBO^; 
namely, 

Fe202*5B202*Bi202, and Fe202*5B202*0.9PbF2‘0.2Pb0 

A uniform and fluid melt was obtained for both compositions at 1200®C. 

All splat plates produced from the two melts were found to be amorphous 
but opaque. In addition, it was anticipated that the iron valence re- 
duction would be less than 1%, since the two melts were prepared at 
the relatively low temperature of 1200®C. However, the disadvantage of 
using flux is that the amount of FeBO^ phase produced during the crystal- 
lization amounts only to about 1/3 of the amount without flux for the case 
of Bi as flux and to about 1/2 for Pb as flux, as shown in Figures 3 and 4. 
In order to increase the FeBO^ phase, the amount of flux has to decrease. 
But, the reduction of flux will increase the melting temperature and the 
chance of phase separation. When only half of the flux was used, the 
melting temperature increased from 1200 to 1275“C, but the phase separation 
still occurred for both Bi and Pb. Phase separation was not eliminated 
until 3/4 Pb was used while the melting temperature was 1250°C. The 
data on flux is listed in Tables 4 and 8. Overall, Pb was found to be 
a better flux than Bi, because it renders the iron borate melt more fluid 
and less subject to phase separation. Finally, the optimum amount of flux 
will be determined by consideration of the melting temperature and 
the output of FeBOj phase, in addition to the elimination of phase 
separation. 


I 
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2.7. Minimization of iron reduction 

(A) Determination of minimwn melting temperature 

3+ 2+ 

Since the iron reduction (the conversion of Fe to Fe )is 
mainly controlled by the melting ten|)erature, the most effective way of 
lowering the iron reduction is to melt the iron borate material at the lowest 
possible melting temperature, which is determined as follows. The material 
is melted at the test temperature for at least one hour. Take out the 
crucible from the furnace at the tenperature and then quickly stir with a 
Pt-rod or empty the whole crucible. If no solid or scum is left at the 
bottom or the wall, all material must go into the solution and the test 
temperature is the correct melting temperature. The minimum melting tempera- 
ture for 808 composition appears to be 1275'’C and at this temperature a 

3+ 2^^ 

14% reduction from Fe to Fe was observed. 

(B) Use of oxygen furnace 

According to an estimation based upon conversion thermodynamics,^ 
melting iron borate in an oxygen furnace (100% oxygen) instead of air (21% 
oxygen) may increase the temperature tolerance by 75°C for the same con- 
version rate, or could lower the iron reduction to less than 1% as shown 
below. If iron borate is melted at 1275‘’C in an oxygen furnace, the re- 
ductior: rate may correspond to that of melting at 1200“C in air which has 
an iron reduction rate less than 1%. Thus, it is anticipated that by 
jsing oxygen for air, the iron reduction can be lowered to less than 1%. 

The effect of oxygen was tested by melting a 80B-5 at 1300“C for 3 hr. 
in an oxygen furnace operated at 1 atmosphere of oxygen. The data reported 
here should be regarded as tentative, because only one run was made and 
furthermore a leakage was developed in the furnace. The iron reduction 
was found to be 20.3% for the top melt and 25.5% for the bottom melt. 
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or 22.9% for the average melt as also shown in Table 7. The average iron 
reduction of 22.9% in o;^gen is almost identical to the value of 23% 
estimated by extrapolation of the available iron reduction data in air as 
shown below. 


T, °C 

Envi ronment 

% Iron Reduction 

1316 

Air 

30 

1275 

Air 

14 

1200 

Air 

0.6 

1300 

Air 

23 (extrapolation) 

1300 

Oxygen 

20.3 (top melt) 

1300 

Oxygen 

25.5 (bottom melt) 

1300 

Oxygen 

22.9 (average melt) 


Thus, it appears that oxygen has almost no effect on controlling the iron 
reduction. However, a confirmation will be needed before any definite 
conclusion can be drawn, especially in view of the fact that we have 
encountered lots of difficulties in using the oxygen furnace. 



3. Experimental study on glass-ceramic formation 

3.1. Phase assemblage in binary system of 

Ordinarily, there are two major phases existing in the binary 

system of FegOj-BgO^; namely, low temperature form (FeBO^) and the high 

temperature form (Fe^BOg). These two phases are detailed in Table 9. 

2+ 

In addition, Fe phases of iron borates will be formed if the temperature 

5 

is over 1200°C. The iron borate phase diagrams reported in the literature 
were only limited to those temperatures lower than 1200®C. In other words, 
no Fe phase was reported in the phase diagram. All the iron borate phases 
are summarized and discussed below. Their x-ray diffraction patterns 
were identified in Table 10 and illustrated in Figures 5 and 6. 


Type of 
Material 

Temperature 

Change 

Iron 

Content* 

Phase assemblage 

Nature 

Range 

Batch 

Crystallization 

RT -»■ <800“C 

<S0B 

FeB 03 




>S0B 

FesBOs* Fe 203 , FeB 03 

Melt 

Quenching 

>1200°C RT 

<S0B 

F 6203 , Fe^'*’ phases, Fe 3 B 0 g 


Note: RT = Room Temperature, 

* The iron content of SOB being 69.64 wt.% Fe 203 , 550B being 
less than and equal to that, while >50B being greater than that. 


(A) FeBOg phase (low temperature form) 

The FeBO^ phase has many unique properties and is thus the 
one we are after. The FeBO^ phase can be formed exclusively from the 
batch compositions of 80B-50B at a crystallization temperature below 
800°C, say 680°C. Since only the compos- .ion of SOB can form 100% FeBO^ 
(Fe202'B202) phase, one wonders whether a composition like 80B or 83B 
(Fe202*5B202, the predicted optimum composition) will form a FeBO^ solid 
solution upon crystallization, or if a solid solution is not possible. 
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whether it will simply form ZFeBO^ + ^^202. This type of information 
would be very useful for arriving at the proper heat treatment. Based upon 
the structural information, no solid solution will be formed from FeBO^ 
because B differs from Fe not only in size but also in coordination, i.e., 
Fe-BCBO^), and B-3(0). The prediction by structural information is con- 
firmed below. Upon crystallization the BOB conposition was found to 
produce a crystalline FeBO^ phase (see Figure 7) identical in d-spacing to 
that of SOB composition. As might be expected, it did take a little bit 
longer to completely crystallize FeBOj out from BOB than from SOB; namely, 
6B0°C-4 days vs. 6B0*C-3 days. However, the crystalline B 2 O 2 ohase was 
not observed during the crystallization of BOB at 6B0°C for 4 days. 

(B) Fe^BOg (high temperature form) 

Fe^BOg will be formed when the conpositions of SOB and 
those of lower iron content are heat treated at temperatures over B00°C, 
or when the compositions of higher iron content than that in SOB are 
heat treated at temperatures below 9B0°C. Since it is easy to form 
Fe^BOg and to have a boron of 4-fold coordination (which makes it 
difficult to form glass) in the region of iron content higher than 
that in SOB, no composition in this region is used in this study. 

(C) Fe^^ phases 

Fe phases will form when the iron borates (Fe202~B202) 

2 + 

are heat treated or melted at temperatures over 1200®C. The common Fe 
phases are Fe^^0*B202, Fe^^Fe^^BOg, and Fe^^0*2B202 as shown in Table 10. 

3.2. Necessity of glass-ceramics 

As compared to other iron oxygen compounds such as spinels, 
garnets, and orthoferrites, only FeBO^ single crystals have unique properties 
such as stronger magnetization and lower absorption in the visible which 
are attributed to its unique coordination. The Fe in FeBO^ is coordinated 
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to 6 ( 803 ) rather than 6 (oxy.). The amorphous and the high temperature 
(FejBOg) phase of iron borate are expected to have little or no magnetization 
due to the difference in their Fe coordination. This was found to be the 
case as shown below: 


Phase 

Fe 

Coordination 

Spontaneous 
Magnetization 
Mg, emu/gm 

FeB 03 (low- temperature phase) 

6 ( 803 ) 

> 1.0 

Fe 3 B 0 g (high-temperature phase) 

6(80^) 

0 

Amorphous 

random 

0 


Therefore, the crystalline material rather than the glass is essential to 
obtain the unique properties of FeB 03 . In view of the drawbacks associated 
with the earth-prepared single crystals and ceramic materials, as mentioned 
in Table 2, glass-ceramics become very attractive. 

3.3. Problems during crystallization 
(A) Partial melting 

Upon heat treatment at crystallization temperature (680®C), 
the splat plates with less iron content will change shape, soften, or even 
partially melt before crystallization. Of course, this problem was originated 
from the phase separation which happened at the melt. This type of prob- 
lem is caused not only by the low iron content but also by the uneven 
iron distribution over the same plate. Two 83B compositions were made 
up for comparison as follows: The first one, 83B(1) was made up by mixing 

the top and the bottom melts at the proper ratio according to the analyzed 
iron content in each part, while the second one, 83B(2), was prepared by 
using a proper batch oxide. The batch oxide was prepared by directly 
ball milling a proper mixture of ^ 62^3 ® 2 ^ 3 * found that during 

the heat treatment at 680°C for 1 hr., 83B(2) underwent virtually no shape 
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change but there was great change in shapes for 83B(1). The difference is 
likely caused by the uneven iron distribution. Since a mixture as uniform 
as that in 83B(2) can be achieved in space, this type of drawback can 
likely be overcome by space processing. 

(B) Unwanted phases 

The melt casts which were prepared on earth at 1300®C or 
higher temperatures and had a Fe content equal to or more than 37.5 wt.% 

FegOg usually contained the following unwanted phases. 

2+ 

FegOg, Fe phases, and Fe^BOg 

Upon heat treatment at 680°C, all Fe can be oxidized into Fe if 
sufficient oxygen can be made available. Also all the crystalline phases 
in the melt were transformed into the FeBO^ phase plus some small amounts 
of Fe 202 and maybe 820 ^. The BOB composition which contains the highest 
iron content and has no phase separation was found to have the maximum 
FeBO^ phase. Whether the absence of a phase separation can help to boost 
the FeBOg phase remains to be seen. In addition, there is a possibility 
that all Fe^^ phases may be eliminated from the melts if oxygen is used 
to replace air during the melting. 

(C) Need of nucleant 

Fe 202 is known to be a good nucleant. Whether there is a 
need of nucleant in the preparation of glass-ceramic from Fe 202 -B 202 can 
be decided by checking the bulk versus the surface crystallization without 
the use of a nucleant. No nucleant is needed if a bulk crystallization 
can be achieved in a controllable fashion without .ne start of surface 
before bulk crystallization. A test of such a need becomes very difficult 
due to the phase separation taken place in the terrestrial preparation. The 
iron poor (top) melt which although can form an amorphous splat plate will 
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often undergo partial melting during crystallization, while the iron-rich 

(bottom) melts are easily devitrified and have lots of unwanted phases such 

2 + 

as Fe20^, Fe^BOg and maybe Fe phases if steps were not taken to prevent their 
formation. However, there is still a possibility that such a test can be 
made on earth through the use of flux or the composition of SOB where no 
phase separation is observed. 

3.4. Properties measurement 
(A) Magnetic properties 

A vibrating san^le magnetometer manufactured by Princeton 
Applied Research Cooperation (Model 155) was used to measure the spontaneous 
magnetization (M^). The findings are reported as follows. 

(a) Since ferrom. gnetic materials such as the crystalline 
FeBO^ phase are the only materials that can produce a strong M^ below the 
Curie temperature, T^, the measurement of M^ is a good way to distinguish 
the crystalline FeBO^ phase from all the rest of the materials involved and 
produced in the preparation of the iron borate glass-ceramics. The measured 
Mj values are summarized as below. 


Mg, emu/gm 

None (0) 

Weak (0.1) 

mmsssmmamm 

(1) Amorphous FeBO^ 

(1) o-Fe^Oj (raw material ) 

(1) Crystalline FeBO^ 

(2) Crystalline Fe^BOg phase 

(2) Melts with Fe^^ iron 

phase 

(3) Melts without any crystalline 

borate phases 


iron compounds 




(b) The crystalline FeBO^ phase obtained by heat treating the 

batch material of 50B-1 at 680°C for 5 days showed good agreement on magnetic 

1 2 

properties with the literature data, * as indicated below: 
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Source 

Type of Sample 

Mj* emu/gm 


Li terature 

Powder 

1.5 

115 

Literature 

Single crystal 

2.1 

75 

Our measurement 

Powder 

1.38 

75 


(c) Due to the phase separation* the top melts such as the 
splat plates often contain much lower Iron content than the original. 

Thus* the glass-ceramic upon crystallization has much smaller iron borate 
content. On the other hand* an iron borate glass-ceramic produced without 
the adverse effect of phase separation* e.g.* SOB on earth or all composi- 
tions processed in space can produce a as large as that of the correspond- 
ing batch material properly crystallized. These are illustrated as follows: 


Sample 

Mole % 

BjOj 

M.* emu/gm 

9 

Batch + 680®C-5 days 

Splat Plate + 721®C-4 days 

50B-1 

50 

1.38 

1.40 

60B-1 

60 

1.33 

1.26 

70B-1 

70 

1.12 

0.92 

80B-1 

80 

0.81 

0.08 

90B-1 

1 

90 

0.47 

0.10 


The difference in M from SOB through 90B is caused by the phase separation. 

(d) The spontaneous magnetization (M^) was found to be pro- 
portional to the active phase of crystalline FeBO^ which was in turn 
roughly proportional to the Fe 20 ^ content in the starting material* as 
shown below. 



Sample 

Wt.% 

Wt. Ratio 
^®2^3 

M^, emu/gm 

Observed Value 
(Batch + 680“C-5 days) 

Calculated Value 
(Based on 1.33 for SOB) 

SOB-1 

69.64 

1.1518 

1.38* 

1.53 

60B-1 

60.46 

1.0 

1.33 

1.33 

70B-1 

49.57 

.8199 

1.12 

1.09 

80B-1 

36.45 

,6029 

0.81 

0.80 

90B-1 

1 

20.31 

.3359 

i 

0.47 

0.45 


*FeB 02 was not completely crystallized, some ^© 2^3 


If the spontaneous magnetization (M^) is roughly proportional to the ^6203 
content, the iron content may also be estimated from the magnetometer 
data measured on crystallized iron borate such as the splat plate at 721 ®C 
for 4 days. This was found to be the case as shown below. 


Sample 

Mole % 

WtTTTeJS^ 

Target 

Wet 

Chemi cal 

X-Ray 

FI orescent 

Magnetometer 

50B-1 

50 

69.64 

70.06 

69.17 

63.7 

60B-1 

60 

60.46 

61.02 


57.3 

70B-1 

70 

49.57 



42.0 

80B-1 

80 

36.45 


4.3 j 

j 

4.1 

90B-1 

90 

20.31 

3.1 

4.0 

4.5 


(B) Other measurements 

(1) Infrared transmission 

Based upon a structural consideration, the SOB composition 
is not likely to form a glass even in space. Thus, its chance to be trans- 
parent in the visible is almost nil. However, the SOB convosition prepared 
on earth is free from phase separation, undergoes no shape change during 
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crystallization, and can completely transform into one FeBO^ phase from the 
crystallized melt. Although the glass-ceramic made from the BOB composition 
is opaque in the visible, it could have some potential use in laser applica- 
tions if it is transparent in the infrared, e.g., at 1.06 y. The following 
BOB composition was tested for the transparency at 1.06 y for the potential 
use in laser application. A SOB-1 composition was melted at 1316°C for 
7 hrs., and then its splat plate was heat treated at 721 “C for 4 days. A 
thin sectioii of such prepared material was checked for the* transparency at 
1.06 y by a Nd-laser. Little (less than 1%) transmission ..t 1.06 y was 
observed. 

(2) Faraday rotation 

The splat plate of 90B-2 melted at 1316°C and bubbled 
with oxygen had amber color and was translucent. The transmission in 
visible and infrared region (1.06 y) were 1.4 and 43.1%, respectively. 

Upon crystallization at 721®C, the splat plates of 80B-1 and 90B-1 which 
were also prepared at 1316®C, but without the bubbling of oxygen underwent 
the partial melting and the re-crystallization. For these two compositions 
80B-1 and 90B-1, the re-crystallized material in general had clear outer 
edges likely to be BgO^ glass, narrow red inner edge likely to be Fe 202 i 
and the deep green interior of FeBO^ interspersed with numerous voids. 

The green interior was translucent but due to void-caused scattering 
the transmission in the visible was poor, e.g., the highest transmission 
measured on a good spot was onlv 34%. Due to the numerous voids, there were 
too much scattering. The Faraday rotation was measured but was meaningless 
because of the depolarization caused by the diffusely scattered light. 



(3) Particle size of prepared melt 

The air-quenched disc was used to measure the particle 
size of the two melts of 80B-1 and 90B-1 prepared at 1316®C for 7 hrs. 
The particle size was determined by the electron micrograph (using a 
fracture surface but no etching) and the associated phase assemblage by 
x-ray diffraction as shown below. 


T ;je of 
Particle 

[Particle Size, u 

Phase Assemblage 

BOB-1 

90B-1 

Big 

1.7 

1.0 

Crystalline 620^ 

Small 

0.2 

0.2 

FeBO^ phase to be crystallized later 

Matri x 

« 0.2 

« 0.2 

Glass 


Note: The wavelength of visible light ranges from 0.4 to 0.7 y. 

Although the particle size of crystalline BgO^ is larger than the wavelength 
of light (about 0.5 y)» the amount of 820^ phase present is relatively small. 
Since the majority of the particle sizes are smaller than the wavelength of 
light, there is a possibility that a transparent glass may be formed if 
the formation of melt can be controlled and processed in space. 



4. Conclusions 

(1) The optliiHJtn composition suitable for space processing was estimated 
to be 83B, i.e., Fe202*5B20j for the binary system of B202»Fe202. 

(2) The glass-ceramic rather than the glass was found to be necessary 
for providing the unique magneto-optical properties of FeBO^. 

(3) The two terrestrial obstacles in the preparation of FeBO^; namely, 
phase separation and iron reduction were identified. Different approaches 
were tried but so far failed to overcome these obstacles. Thus, it is 
reasonable to say that a transparent FeBO^ glass-ceramic cannot be prepared 
on earth at the present time. 

(4) The calculated composition is expected to form glass in space, 
since a splat plate with a similar iron content formed a glass on earth. 
However, it is extremely difficult to produce a glass of constant composi- 
tion on earth due to the phase separation. 

(5) Once converted into a glass in space, the calculated composition 
will not have any of the unwanted crystalline phases existed for the 
partially crystallized melt prepared on earth. Since the particle sizes 
of splat plates prepared on earth are smaller than the wavelength of the 
visible light, the prospect of obtaining a transparent glass in space from 
this calculated composition is good, particularly if steps can be found and 
taken to eliminate or greatly lower the iron reduction. 

(6) Once a transparent glass is formed in spaa, the prospect of obtain- 
ing a transparent glass-ceramic will mainly depend upon whether a controllable 
crystallization can be achieved. A controllable crystallization which may 

be performed even on earth involves the determination of (a) a need of 
nucleant, and (b) time and temperature relationship for both nucleation 
and crystallization cycles. 
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5. Recommendations 

(1) Continue the study to determine parameters that will minimize phase 
separation and iron reduction. Particularly, the effect of oxygen on iron 
reduction will be double-checked in order to see if the advantages predicted 
by thermodynamics can be realized. 

(2) Study the true nature of the phase separation in terms of (a) how 
and when the separation starts, (b) the type of separation and (c) the 
possible effect of melting tenperature, time, composition and rate of 
quenching. 

(3) Determine the need of nucleants and the optimum nucleation and 
crystallization conditions for the terrestrial formation of FeBO^ crystals. 
Those compositions which have no phase separation problem such as SOB or 83B 
with flux may be used for such a determination. 

(4) Determine the limit of iron borate glass formation on earth and 
the range of particle sizes vs. iron content of splat plates prepared on 
earth. 

(5) Determine the optimum raw material preparation and melting con- 
ditions, and prepare samples for test in space. 

(6) Continue the assessment, both technical and economical of space 
processing of FeBO^ glass-ceramics. 
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Table 1 


Properties of FeBO^ Single Crystals 



FeBOj Single Crystals 

Curie temperature, 

348“K or 75**C 

Spontaneous moment, 4TrMg 

115G 

Saturation or sporit. magnetization 

3 

9.15 gauss/cm 


2.1 emu/gm 


4.5 X 10"^ Vg/hwle 

Absorption band edge o ® 1000 cm“^ 

4500 A 

Absorption minimum in green 

39 cm"^ at 5250 1 

Faraday rotation in green 

23007cm at 5250 % 

Faraday rotation/absorption (green) 

147dB 

Indices of refraction (green) 

2.1 

Density 

4.3 g/cm^ 

Birefringent phase retardation 

-4 X 10® deg/cm at 5250 
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Table 2 

A Cor^arison of Different Forms of FeBO^ 


FeBOj 



Single Crystals 

Cerami c 

Glass-Ceramic 

Availability 

Now 

Now 

Future 

Birefringence 

Yes 

No 

No 

Size control 

Poor 

Poor 

Good 

Transparency 

Good 

Poor 

Good 

Smooth surface 

Likely 

D1 f f 1 cul t 

Likely 

Cost 

High 

Low 

Low 

Sul tabi 1 1 ty for magneto-opti c 
application 

Poor 

Poor 

Excellent 


Note: (1} ?’refringence not only greatly interfers with the Faraday roatlon but 

also causes a phase retardation of 4.2 x 10^ deg/cm at ^ - 5250 A. 


(2) A poor size control such as a typical single crystal can only grow to a 
size of a few mils thick and up to a few mm across usually means that 
the desirable shape cannot be prepared or sometimes can only be pre- 
pared with great difficulty and expense. 

(3) Transparency Is one of the essential properties in FeB 03 . Without 
the transparency, FeB 03 will be of little value in the magneto-optic 
application. 


1 

\ 
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Table 3 

Raw Material Used in Preparation of Iron Borate Melt 



Molecular 

Wt. 

Density 

y/cm3 

m.p 

“C 

FejOj 

159.69 

5.24 

1565 

(Hematite) 




B 2 O 3 

69.62 

2.46 

460 

®’2°3 

495.96 

8.55 

860 

PbF^ 

245.19 

8.24 

855 

PbO 

223.19 

9.53 

888 

Note: i = 

insoluble, S 

= soluble, 

si. 


Solubility 


Color 

Cold HgO Hot HgO 

red brown to black 

i i 

white or colorless 

sl.s. s 

light white yellow 

i i 

collorless 

si .s. 

yellow 

sl.s. 

slightly 
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Table 4 A Summary of Melts Prepared 
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liH 

Batch 

Heat Treat. 



Loss 

% 

r FeoOo wt.% 

wSm 

■ 

No. Stir 


C 0 

■B 

Target 

Raw Mat'l 

j Type Melt 


50B-1 

-- 

1316 


1 

5.2 

69.64 



70.06 

70.42 

508^^2 

680®C-4d 

1300 

■ 

2 

m 

69.64 


disc 

plate 

black mat'l 




1300 

3 

1 


69.64 

71.2 

plate 1 
black mat'l 

65.9 

78.9 

50B-3 


1575 

3 

1 

fH 

69.64 

71.2 


75.0 

72.1 

50B-M-1 

680°C-25hr 

1300 

mu 

2 

■ 

69.64 


disc 

plate 

black mat'l 
red peeling 

58.6 

68.5 

69.6 

11.7 

55B-1 

680*C-4d 

1300 

m 

Hyi 

5.3 


■Ml 



60B-1 

“ ■“ 

1316 

m 

1 

8.6 

60.46 


mm 

BKVKjHHjHHl 

60B-2 

680°C-4d 

1285 

2 

2 

1.8 

60.46 

61.0 

plate 2 
plate 3 
plate 3(E) 
black mat'l 

24.5 

46.2 

7.0 

78.0 

60B-M-1 

680*^0- Id 

1285 

2 

2 

2.1 

60.46 

63.2 


5.4 

37.8 

84.4 

70B-2 

680“C-4d 

1300 

6 

2 

3.5 

49.57 


disc 

plate 

black mat'l 

27.2 

35.4 

66.9 

70B-4 

650° C- 3d 

1275 

3 

1 

4.3 

49.57 

49.2 


11.0 

77.6 

70B-4 

- - - J 

650°C-3d 

■ 

6 

2 

20.8* 

49.57 

49.2 

plate 1 
plate 3 
plate 3(E) 
black mat'l 

33.3 

59.4 

14.5 
78.4 

70B-M-1 

680°C-25hr 

1300 

6 

2 

2.0 

49.57 


disc 

plate 

black mat'l 

33.7 

37.5 

63.3 

70B-M-2 

650“C-3d 

1275 

3 

1 

2.5 

49.57 

47.0 

plate 1 
black mat'l 

3.1 

77.43 

70B-M-2 

650* C- 3d 

1300 

6 

2 

29.8* 

49.57 

47.0 

plate 1 
plate 3 
black mat'l 

4.6 

20.9 

78.6 

80B-1 

— 

1316 

7 

1 

32* 

36.45 


plate 

4.26 

80B-2 

680°C-4d 

1300 

5.7 

i 

3 

4.8 

36.45 

33.0 

disc 

plate 

black mat'l 

28.7 

10.6 

63.4 

80B-2 

*“ — 

1300 

2 

1 

3.7 

36.45 

33.0 

top 

bottom 

3.7 

61.9 

80B-2 


14C0 

2 

1 

3.5 

36.45 

33.0 

top 

bottom 

5.6 

58.9 

80B-5 

600°C-4d 

1300 

3 

oxy. 

8.9 

36.45 


top 

bottom 

2.3 

67.8 


1 



1 

1 

1 

\ 
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Table 4 A Summary of Melts Prepared 


Ident. 

_ f 


SOB- 3 


SOB- 3 


SOB- 3 


SOB-4 


SOB-4 


Batch 
'eat Trea 


Melting Condition ILoss 



650°C-3d 


650°C-3d 


SOB-4 6S0°C-3d 


80B-M-1 650°C-3d 


SOB-M-1 650°C-3d 


S3B-Pb-1 


90B-1 


1300 6 






00 I 3 





No. Stir 


2 





16.4 


1.0 21.32 


8.3 20.4 


24.75 


6.0 22.37 


6.5 21.35 


Fe 202 wt.% 


Target 


.3 36.45 35.0 



36.45 

35.0 1 

1 

1 

1 

36.45 

35.0 1 

36.45 

38.1 1 

1 

36.45 

38.1 1 

1 

! 

36.45 

38.1 1 

36.45 

36.6 i 

36.45 

36.6 


IQGQlSMi 

[PffHiBiaiiWi 




black mat'l 


plate 2 
black mat'l 







plate 1 
bottom mat'l 
























































































Table 5 Phase Assemblages for Splat Plate (Top Material) of Melts 


Temp. -Time 
°C-Hr. 

Composition 

F 6203 Wt.% 

Phase Assemblage 

(arranged in order of decreasing intensity) 

I dent. 

T 

A 

1300-2 

80B-2 

36.45 

3.7 


1300-5.7 

80B-2 

36.45 

10.6 

®2“3 

1300-5.7 

82B-M-1 

33.49 

39.9 

FegOg, B 2 O 3 , Fe 0 -B 203 . Fe 2 FeB 0 g, Fe 3 B 0 g, Fe 0 * 2 B 20 

1300-5.9 

1 50B-2 

69.64 

57.4 

Fe 203 , Fe 0 -B 203 , Fe 2 FeB 0 g, Fe 3 B 0 g, Fe 0 * 2 B 203 

1300-5.9 

50B-M-1 

69.64 

68.5 

i F 6203 . Fe 0 -B 203 , Fe 2 FeB 05 , FeO-BB^O^, Fe 3 B 0 g 

1300-6 

70B-2 

49.57 

35.4 

®2®3 

1300-6 

70B-M-1 

49.57 

37.5 j 

B 203 f Fe 2 ^ 2 * Fe 0 *B 203 » Fs 2 FeB 0 g 

1 

1316-7 

50B-1 

69.64 

70.42 

Fe 2 FeB 0 g, Fe 203 , FeO - 28203 , Fe 0 -B 203 , Fe 3 B 0 g 

1316-7 

60B-1 

60.46 

61.02 

Fe 203 , Fe 0 -B 203 , Fe 2 FeB 0 g, B 2 O 3 , FeO - 28203 , Fe 3 BC 

1316-7 

80B-1 

36.45 

1.3 

¥3 

1316-7 

90B-1 

20.31 

3.13 

CO 

0 

CM 

00 

1400-2 

80B-2 

36.45 

5.6 

h°3 

1575-3 

1 

50B-3 

69.64 

75.0 

FeO - 28203 , Fe 2 FeB 0 g, Fe 3 B 0 g, FeO - 8203 , Fe 203 

1575-3 

1 

80B-4 

36.45 

12.7 

only amorphous , 


Note: All the phases 


semblages reported here are for the first splat plates. 
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Table 6 Phase Assemblages for Black (Bottom) Material of Melts 




:emp.-Time 

°C-Hr. 

1300-2 

1300-5.7 

1300-5.7 

1300-5.9 

1300-5.9 

1300-6 

1300-6 

1400-2 

1575-3 

1575-3 



Fe203 Wt.% 

liSliB 

T 

A 


80B-2 

80B-2 

82B-M-1 

50B-2 

50B-M-1 

70B-2 

VOB-M-1 

80B-2 

50B-3 

80B-4 


36.45 

36.45 

33.49 

69.64 

69.64 

49.57 

49.57 

36.45 

69.64 

36.45 


61.9 
63.4 
63.3 

70.6 

69.6 

66.9 
63.3 

58.9 
72.1 

49.9 


Phase Assemblage 

(arranged in order of decreasing intensity) 



Fe 2 FeB 0 g, 

Fe 0 *B 203 , 

Fe 0 * 2 B 203 , 

FesBOo 

^®2®3* 

FeO *82031 

Fe 2 FeB 0 g, 

FeO * 28203 . 

FeaBOB 


Fe 0 *B 203 » 

FeO *28203 

. Fe 2 FeB 0 g. 

FesBOg 

*^®2^3’ 

Fe 0 *B 203 » 

Fe 2 FeB 0 g, 

Fe 0 * 2 B 203 , 

Fe 3 B 06 

^®2^3* 

Fe 0 *B 203 , 

Fe 2 FeB 0 g, 

FeO • 282 O 3 . 

FeaBOg 

^®2^3* 

Fe 0 *B 203 , 

Fe 2 FeB 0 g, 

FeaBOg, FeO *28283 

^®2®3* 

Fe 0 *B 203 , 

Fe 2 FeB 0 g, 

Fe 0 * 2 B 203 , 

FeaBOg 

FeO-BgC 

p 02 p 6 BOg> P 60 * 2 B 202 » 

FeaBOg 

FG 2 p 6 B 0 £> p 60 *B 2 ^ 

33 , FeO*2B 

2O3, FeaBOg 

, Fe20a 

FeO-BgC 

>3> 

, FeO *2820 

3 , Fe 2 FeB 0 g 



V 

3f 

/ 
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Table 7 

A Sumnarv of Iron Reduction vs. Temperature, Time, and Composition 


Fe«0« Wt.% % Conversion 

Raw Type of Melting Condition =-= 

Sample Material Melt Temp., °C Time. HrT Analyzed Target Fe"^ -»-Fe^ 


SOB 

I’lU 1 1 u • 

batch 

« 1^ • w 

disc 

• dill.# *1 V 

1316 

1 ■ MIC f III* 

7 

rtiiu a 

70.06 

1 W 

69.64 

1 C c 

30.1 

SOB 

batch 

plate 

1316 

7 

70.42 

69.64 

29.9 

SOB 

batch 

black mat'1 

1300 

2 

71.79 

36.45 

19.03 

90B 

batch 

disc 

1316 

7 

3.33 

20.31 

29.4 

90B 

batch 

plate 

1316 

7 

3.13 

20.31 

28.1 

SOB 

batch 

top 

1300 

3 

2.32 

36.45 

20.3 

SOB 

batch 

bottom 

1300 

3 

67.S3 

36.45 

25.5 

70B 

MOD 

black mat'1 

1275 

3 

77.43 

49.57 

13.82 

70B 

batch 

black mat'1 

1275 

3 

77. 5S 

49.57 

14.77 

SOB 

MOD 

black mat'1 

1275 

3 

76.13 

36.45 

13.35 

SOB 

batch 

black mat'1 

1275 

3 

74.40 

36.45 

17.20 

SOB 

batch 

all 

1200 

24 

72.04 

69.64 

0.56 

SOB 

batch 

all 

1200 

2 

6S.90 

69.64 

0.32 

SOB 

batch 

all 

1200 

24 

39.73 

36.45 

0.96 

SOB 

batch 

all 

1200 

2 

37.29 

36.45 

0.64 


I 


f 


I 
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Table 8 

A Summary of Flux Conposltions 
FegOj Wt.X 

Tit Last Phas‘- 


Sample 

T,“C 

Target 

Batch 

Plate 

83B-B1-1 

1200 

16.4 

14.2 

15.2 

83B-1/2B1-1 

1275 

21.32 


16.1 

83B-Pb-1 

1200 

20.4 

19.6 

20.8 

83B-l/2Pb-l 

1275 

24.75 


5.8 

83B-3/4Pb-l 

1250 

22.37 


21.42 

83B-7/8Pb-l 

1225 

21.35 


20.05 


Plate 

Separation 

Remarks 

16.1 

No 

83B-Bi: FegOj'SBpOj* 

BI 2 O 3 

24.6 

Yes 


21.0 

No 

83B-Pb: Fe203 - 56203 ♦ 
0.9PbF2*0.2Pb0 

43.0 

Yes 


22.0 

No 


19.94 

No 
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Table 9 

Phase Assemblage In B202-Fe202 



FeBOg 

Fe.BO, 
0 0 

Phase 

low temp, form 

high temp, form 

Decomposition temp. (°C) 

900 

980 

Structure 

cal cite 

norbergite 

Space group 

R3C 

Pnma 

Lattice constants 

a (A) 

4.613 

10.05 

b (A) 


8.55 

c (A) 

14.42 

4.47 

Coordination 

6 

3 

4 

Fe 

6 

6 

Oxy. 

2Fe+lB 

3Fe+2/3B or 
l/3(3Fe)+2/3(3Fe+lB) 



(d-spacing/2e (cu) in order of decreasing intensity 


I 

V 

nI 


CO 

o 

CVJ 

<u 

LU 

CVJ 

2 

a. 

2.64/33.94 

aoo) 

2.81/21.82 

(601 

2.96/30.18 
^ 140) 










CO 


o 




CM 

00 

. 





o 

co^ 

00 


o 

in 


OO 

00 





CVJ 

^ o 

* 

* 

• 

• 

• 

• 






<u 

• o 

1— m 

CM O 

0^ in 

cn in 

in 

r- C 

in in 





U- 

evil— 

OO cn 

OO CO 

in in 

OO ^ 

in ^ 

in ^ 

^ OO 






CVJ^ 


'-N, 

\ — 

\ ' 








CO 



00 


<n 



cn 





o 

in 


00 










CVJ 

o> 

CO 


VO 

CM 

VO 


cn 









» 

• 

• 

« 

• 





CQ 

00 

CM 

CM 


CM 





1 1 

— 





CO 




VO 

VO 






CO 

in o 


00 — . 

in^ 

in^ 

00^ 







O 

• o 

• O 

• in 

• in 

- o 

• in 

• a 






CVI 

OO 1— 

CM 00 

VO 

1— 

CM VO 

•— in 

cn m 






CQ 

00^ 

CM"-- 


CM^ 

OO — - 

OO — - 

CM ^ 






CVI 













• 

OO 

CM 

OO 

CM 

CM 

VO 

CM 






o 


in 

CM 

CM 

m 

o 







Si 

ID 

cn 


r- 


00 

O 






CL 

* 

• 

• 


• 

• 

• 







CVJ 

00 

in 


CM 

CM 

OO 







co^ 

lO 












1^0 

in ^ 











1 

• o 

• m 

• in 










CO 

Ov. 

^ OO 

00 CM 










o 

CVI-w 


CM^ 










CVJ 

\ 


\ 










CQ 


00 

o 











CM 

o 

00 











OO 

sO 

OO 












lO 











LO 

o 

f— - 











O 

• o 

• o 











OQ 

^ r— 

in 











0) 

oo-^ 

r* ^ 











Lu 













CVI 

00 

VO 











QJ 

in 












LU 

• 

• 












CM 

in 











CO 




CM 


00 







O 

co^ 

CM 

LO 

CM 

r— 

00 







CVI 

o o 

1— 


• 


• 







CQ 

• o 

• o 

in o 

o o 

00 o 

in o 







CVJ 

VO 1— 

r* 

CM VO 

sr VD 

CM LO 

OO in 







• 

l-~ 

CM ^ 











o 

\ 

■%s^ 

cn 


IV. 

o 







01 

LT> 

CM 


CM 

r— 

in 







LL 

• 

• 

• 

• 

• 

• 








in 


OO 

CM 

OO 

CM 









CM-^ 

00 










CO 

00 o 

ov o 

in ^ > 










o 

• o 

• O 

• Cj 

• o 









CVJ 

cn 1 — 

00 r— 

r— 

m 









CO 

r— >w- 

OO'— ' 

00 — - 

CO — ' 









• 



\ 










o 

CO 


OO 

00 









<D 


VO 

00 

in 









U_ 

• 

• 

• 

• 











CM 

CM 

CM 




i 






lo^ 


CM 


00 


CM 


O 


CM 

00 


I— o 

r— 


CM^ 

in^ 



00^ 

ID 

cn ^ 

CM 

r“ 


. o 

. o 

• o 

. O 

• o 

00 o 

. O 

1 • o 

• O 

* o 

• O 

• O 

CO 

Oi— 

VO 

LO VO 

VO 00 

r- 00 

00 

OO CM 

1— CM 

in CM 

CM 

O CM 

1— CM 

o 

CO 

CM’^ 

CO — - 

co^ — - 

xt^ 


00 w 

CM^ 

OO — ^ 

OO — ' 

^ w 


CQ 

\ 












CO 

ID 

cn 

VD 

00 


cn 

00 

|vo 

CM 



cn 

OJ 

CT^ 

VO 

LO 


f— • 

00 

VO 

o 

in 

OO 

CM 


Lu 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

* 


CM 

CO 

CM 

CM 

CM 


CM 

i"»- 

CM 

CM 

CM 

CM 



i 



VO 









00^ 

ha- 


VO 

cn 








01 

CM O 

CM^ 


• 


00^ 







00 

• O 

- o 

. o 

o 

o o 

• m 







O *r- 

00 r- 

^ VO 

in in 


^ 00 

^ CM 







CVJ 4-> 

00 w 


CO ^ 


' 

CM'^ 







OJ (0 



"NSk 

00 

r— 








U. E 


cn 

r— 

OO 

O 

VO 







01 

VO 

;vo 

LO 

00 

CM 

VO 








• 

1 • 

« 

• 


• 



1 





CVJ 

'f— 

CM 


CM 

OO 



1 





VD ^ 

1 

00 




VO 


! 





00 O 


00 


VO 



CM 






• O 

ha*^ 



cn---' 


• ^ 

CM^ 





00 

00 1— 

1 « o 

00 o 

vn o 

* 00 

• 00 

vn ^ 

• O 





o 

00 ^ 

m vo 

^ 00 

in 00 

00 r— 

I— 

in r- 

CM »— 





CO 


CM ^ 



00^ 



in>--' 





OJ 

00 


h^* 










Ul. 

CO 

iO 

00 

VO 

r— 

OO 


in 






i VO 

lO 

o 

VO 

00 

o\ 

VO 

rv 







9 

• 

• 

• 

• 

• 

• 






1 04 

OO 

CM 

•— 

CM 


r— 

r- 






rf) 

LOO 
<“^ O 
:CQ CQ 
n^ )0 £30 <D CM 
O QQ * Li- * 

CM 0f)O <N0 

Q> Oi CD CU 0) 
LI, U- lx Lx. u. 

ii <: II M II 

►--I :i: ^ O -j 



26 (deg) 

Figure 1 X-ray Diffraction Pattern of Splat Plate of 50B-1 Melt (1316®C 




PbB.O- 








2e (deg) 

Figure 6 X-ray Diffraction Pattern of Crystallized Splat Plate of 80B-1 Melt (1316°C-7 Mrs.) at 72rC-4 Days 



FeBO. 

Fe3BOe 


I 



^jLSua;ui 


26 (deg) 

Figure 7 X-ray Diffraction Pattern of Crystallized Batch Material of 80B-4 at 680°C-4 Days 
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Appendix 1 

Derivation for B202~Fe202 Classification 


No. Corners 
Shared 

Oxygen 

Coordination* 

Charoe Balance 

Material Balance 

Charge per 
Oxvqen 

Local 

Imbalance 

Per Oxygen 

No. of 
Oxygen 

Overall 

3 

0"-2B 

1 

2 

0 


X = 3 

¥3 

2 

0"-2B 

2 

0 

““«2/3 

X = 6 

Ve 


0‘-B+2Fe 

2 

0 

°'®l/3''®2/6 

y = 3 

FeBOa 

FeBgOg 

1 

0"-2B 

2 

0 

0"^2/3 

X = 3 

^2^ 


0'-B+2Fe 

2 

0 

°'®l/3''®2/6 

y = 6 

! 

''®2^2°6 

0 

0'-B+2Fe 

2 

0 

°'^l/3''®2/6 

y = 3 

FeB 03 


*The coordinations were taken to be 3 for B, and 6 for Fe based upon the 
crystal structural information. 



